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iment	 strata	 (Gadd,	 2010;	 Kallmeyer,	 Pockalny,	 Adhikari,	 Smith,	 &	
D’Hondt,	2012),	as	well	as	being	sequestered	 in	 ice	sheets/glaciers/
permafrost	 (Bidle,	 Lee,	 Marchant,	 Falkowski,	 &	 Karl,	 2007).	 Recent	
work	 in	 the	field	of	 resurrection	ecology	 (Orsini	et	al.,	2013;	Barras,	
2017;	 papers	 in	 this	 special	 issue—in	 particular,	 Shoemaker	 and	
Lennon)	 has	 indicated	 that	 long-	dormant	 microbes	 can	 be	 revived,	
even	after	millions	of	years	(Barras,	2017).	The	purpose	of	this	review	
was	 to	 focus	 on	 the	 potential	 for	 revival	 of	 long-	dormant	microbial	
pathogens.	In	particular,	(i)	we	examined	the	risk	of	re-	emergence	of	
ancient	microbes	 from	 research	 facilities	and	 ice	 sheets/permafrost,	
(ii)	we	discuss	 temporal	 adaptation	of	pathogens	and	hosts	 and	 the	
associated	evolution	of	virulence	of	resurrected	pathogens,	and	(iii)	we	
conclude	with	a	discussion	of	future	avenues	of	research	in	the	field	
of	 microbe/pathogen	 resurrection	 ecology,	 including	 both	 potential	
	challenges	and	opportunities.
1.1 | Microbes revived in the laboratory or 
conserved in research facilities
Ancient—but	 still	 potentially	 infectious—viruses	 or	 microbes	 re-
main	widely	disseminated	 among	 research	 and	diagnostic	 facilities	
around	 the	 world.	 Despite	 the	 rigorous	 biosafety	 conditions	 that	
such	laboratories	have	to	respect,	the	risk	for	pathogen	release	into	









publication	 of	 the	 genome	 sequence	 of	 such	 pathogens	 and	 their	
potential	reconstruction.	For	example,	the	genome	sequence	of	the	








in	human	bronchial	 epithelial	 cells	 (Tumpey	et	al.,	2005).	This	kind	
of	 study,	bringing	ancient	deadly	viruses	back	 to	 life,	 is	 still	 highly	
controversial.	While	 some	 researchers	 point	 out	 that	 such	 studies	
provide	key	novel	 insights	 into	the	virus	biology	and	pathogenesis,	
important	 information	 about	 how	 to	 prevent	 and	 control	 future	
pandemics	is	still	 lacking	(Drancourt	&	Raoult,	2005;	Taubenberger	
et	al.,	 2012).	 The	 processes	 and	 associated	 risks	 of	 resurrected	
pathogens	from	the	past	can	be	compared	with	the	risk	of	emerging	
F IGURE  1 Overview	of	the	different	trajectories	of	how	frozen	pathogens	or	microbes	can	be	introduced	into	current	populations
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and	emerging	pathogens	due	 to	 spatial	 invasion	are	both	a	 source	
of	new	host–pathogen	 interactions.	 In	both	cases,	 the	outcome	of	
these	new	interactions	is	unpredictable.	Temporal	or	spatial	invasion	
of	 non-	native	 pathogens	 can	 have	 devastating	 consequences	 for	
plants,	animals,	or	humans	(e.g.,	amphibian	decline,	crayfish	plague,	
tick-	borne	encephalitis,	and	Zika;	see	Figure	2;	Box	1),	but	these	new	
pathogens	 can	 also	 be	 nonvirulent	 to	 the	 native	 community	 and,	
thus,	do	not	pose	a	real	risk.





























































and	set	 them	 free	again.	The	amount	of	microorganisms	 trapped	 in	













of	 insect	 RNA	 viruses	 pathogenic	 to	 beneficial	 arthropods,	 such	 as	
honeybees,	as	well	as	to	insect	pests	of	medical	and	agricultural	im-

















Hohmann,	 2015),	 FMT	 may	 have	 unexpected	 side	 effects,	 such	 as	 the	 stimulation	 of	 chronic	 diseases	 (e.g.,	 obesity,	 diabetes,	 and	
atherosclerosis)	or	behavioral	disorders	in	the	recipient	patient	(Gupta	et	al.,	2016).	Indeed,	evidence	has	accumulated	that	the	gut	microbiota	
is	a	complex	community	that	interacts	with	numerous	aspects	of	host	physiology	and	behavior,	including	processes	once	thought	to	depend	











et	 al.,	 2014)	 and	 that	 human	 populations	 from	 different	 countries,	with	 different	 environments	 and	 lifestyles,	 have	 differences	 in	 the	
functional	structure	of	their	gut	microbiome.	The	structure	of	the	gut	microbiota	also	varies	with	age,	and	it	has	been	hypothesized	that	
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plant	Nicotiana benthamiana,	 a	 relative	 of	 tobacco	 that	 is	 native	 to	
northern	Australia	and	is	thus	clearly	not	the	natural	host	of	this	virus	
(Holmes,	2014;	Ng	et	al.,	2014).	Such	results	indicate	that	potentially	
infectious	 pathogens	 might	 be	 released	 from	 ancient	 permafrost	
layers	 exposed	 to	 thawing	with	potential	 consequences	 for	 human,	
animal,	and	plant	populations.	In	addition,	the	rich	mineral	resources	




the	 surface	 soil	 and	 vegetation	which	would	 then	be	 consumed	by	
grazing	animals,	also	 increasing	the	risk	of	 infection	 in	humans	who	
come	into	contact	with	infected	animal	products	(under	cooked	meat,	
hides,	bone;	Revich	et	al.,	2012).	Although	the	risk	posed	by	potential	
pathogens	 trapped	 in	 ice	 is	 low	compared	 to	 the	normal	horizontal	
spread	 of	 contemporary	 viruses	 among	 host	 populations,	 and	 the	
warmer	temperature	associated	with	ice	melting	may	partly	degrade	
viral	nucleic	 acids	 (Holmes,	2014),	 these	pathogens	are	not	exempt	






humans	who	process	 infected	animal	products	or	 ingest	 improperly	














the	 same	 samples	were	even	able	 to	 grow	 in	 the	 laboratory.	Their	
analysis	suggests	that	melting	of	polar	ice	in	the	geological	past	may	
have	provided	a	conduit	for	large-	scale	lateral	gene	transfer,	poten-
tially	 scrambling	microbial	 phylogenies	 and	 accelerating	 the	 tempo	
of	microbial	evolution	(Bidle	et	al.,	2007).	Remarkably,	genes	encod-





Shcherbatova,	 &	 Mindlin,	 2014).	 Many	 of	 these	 resistance	 genes	
were	highly	similar	to	resistance	genes	found	in	pathogenic	bacteria	
today,	confirming	the	hypothesis	that	the	antibiotic	resistance	genes	
of	 clinical	 bacteria	 originated	 from	 environmental	 bacteria.	 Taken	
together,	 these	 results	 support	 the	 hypothesis	 that	 a	 reservoir	 of	




Petrova	 et	al.,	 2014).	These	 results	 also	 support	 the	 growing	body	
of	evidence	that	nonpathogenic	environmental	organisms,	including	
those	present	in	the	permafrost,	are	a	reservoir	of	resistance	genes	




their	 hosts	 from	 pathogenic	 infections.	 The	 interaction	 between	
these	 “defensive”	 microbes	 and	 pathogens	 coevolves	 within	 host	
populations.	 Ford,	 Wiliams,	 Paterson,	 and	 King	 (2017)	 experi-
mentally	 coevolved	 a	 microbe	 with	 host-	protective	 properties	
(Enterococcus faecalis)	and	a	pathogen	(Staphylococcus aureus)	within	






because	pathogens	have	 faster	evolutionary	 responses	 to	 recipro-












species.	 This	 shows	 that	 interactions	 between	 non-	native	 patho-
gens	 (emerging	 from	a	different	 location	or	 from	a	different	 time)	
and	native	hosts	can	be	very	complex.	Besides	pathogens,	defensive	
microbes	 can	 also	enter	 the	 community	 and	 alter	 the	 interactions	






1.3 | Factors determining the risk of emerging 
infectious diseases from ancient pathogens
The	 health	 risk	 associated	 with	 pathogens	 emergence	 depends	
on	 a	 combination	 of	 socioeconomic,	 environmental,	 and	 ecologi-
cal	factors	that	affect	the	virulence	or	the	pathogenic	potential	of	
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pends	on	 the	 rate	of	contact	and/or	 spillover	between	 reservoirs	
and	 the	 native	 host	 (Lambin,	 Tran,	 Vanwambeke,	 Linard,	 &	 Soti,	
2010;	Nii-	Trebi,	2017).	 In	zoonoses,	which	represent	the	majority	
of	emerging	infectious	diseases,	contact	between	wildlife	reservoir	
species	 and	 livestock	or	humans	 creates	 interfaces	 that	might	be	
important	 for	 the	 transmission	 of	 pathogens.	Many	 synanthropic	
species	(i.e.,	species,	animals,	or	plants	that	live	near	humans),	such	







Informal	 livestock	 raising	 is	 commonplace	 in	African	 cities	 and	 is	
often	characterized	by	low	biosecurity	and	mixed-	species	livestock	
being	kept	in	close	proximity	to	humans.	Evidence	from	recent	zo-
onotic	emergence	events	 in	Asia	 (such	as	avian	 influenza	viruses;	
World	Health	Organization	Global	 Influenza	Program	Surveillance	
Network,	 2005)	 and	 the	 circulation	 of	 relatively	 stable	 zoonoses	
(such	as	bovine	tuberculosis;	Gortazar	et	al.,	2011)	implicate	a	role	
for	livestock	acting	as	bridge	hosts,	epidemiologically	linking	wild-
life	 and	 humans.	 Sociodemographic	 factors,	 such	 as	 population	
density,	 migration,	 trade,	 conflicts,	 social	 instability,	 or	 access	 to	














cines	 and	 drugs	 are	 at	 least	 partly	 effective	 against	 an	 infection	
with	reconstructed	viruses	that	contain	some	of	the	genes	from	the	
1918	flu	(von	Bubnoff,	2005).
F I G U R E  2 Alien	pathogens	can	be	transported	and	subsequently	introduced	through	a	range	of	pathways.	Some	will	successfully	establish	
and	persist	within	hosts	present	within	the	introduced	range	and,	furthermore,	some	will	spread	with	the	potential	to	threaten	wildlife	or	
humans
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2  | RESEARCH AVENUES OF 
RESURRECTION ECOLOGY
2.1 | Temporal adaptation of pathogen infectivity 
and host susceptibility
To	 fully	 comprehend	 the	 outcome	 of	 new	 host–pathogen	 associa-
tions,	it	is	important	to	obtain	insight	into	the	mechanisms	underlying	
host–pathogen	interactions	at	several	spatial	and	temporal	scales	of	










De	 Gersem,	Michalakis,	 &	 Raeymaekers,	 2013;	 Decaestecker	 et	al.,	
2007;	Futuyama	&	Agrawal,	2009;	Schmid-	Hempel,	2011).	One	of	the	







pathogens	 are	 often	 asexual	 while	 their	 hosts	 reproduce	 sexually,	
which	can	accelerate	host	 response	to	pathogens.	This	genetic	vari-
ation	in	the	host	is	the	fuel	for	reciprocal	coevolutionary	dynamics	in	
host	 resistance	 and	 pathogen	 infectivity	 (Decaestecker	 et	al.,	 2007,	
2013;	Kawecki	&	Ebert,	2004).	It	is	important	to	note	that	there	are	







genotypes,	 each	 with	 their	 own	 resistance	 and	 infectivity,	 the	 so-	
called	Red	Queen	dynamics	(RQDs).	These	coevolutionary	RQDs	are	





Due	 to	 the	 timescale	 required	 to	witness	 long-	term	 changes	 in	
genotype	 frequency	 and	 adaptation,	 it	 is	 challenging	 to	 study	 long-	
term	effects	of	environmental	change	on	evolutionary	and	ecological	
patterns.	One	way	 to	 circumvent	 this	 problem	 is	 by	 using	 a	 “resur-
rection	ecology”	approach	(e.g.,	the	water	flea—Daphnia—and	its	par-
asites),	where	 resting	 stages	 are	 hatched	 out	 of	 different	 sediment	
layers	 from	a	 sediment	 core,	 representing	different	 time	points	 in	 a	
specific	 pond	 (Angeler,	 2007;	 Decaestecker,	 Declerck,	 De	Meester,	
&	 Ebert,	 2005;	Orsini	 et	al.,	 2013).	These	 “resurrected”	 populations	





Basically,	 if	 the	 fitness	of	a	contemporary	population	 (e.g.,	 the	host)	
is	higher	than	the	fitness	of	the	past	population,	but	lower	than	that	











their	 past,	 contemporary,	 and	 future	 environments,	which	 provides	



























Parasites are best adapted to hosts from their contemporary time period (e.g., 1985, red arrow) and
are more infectious than parasites from past (e.g., 1980) or future (e.g., 1990) time periods
RECONSTRUCTING COEVOLUTION
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useful	information	about	patterns	of	adaptation	of	these	populations	
toward	their	respective	environments.	If	we	expect	cycling	of	host	and	
pathogen	 alleles	 as	 hypothesized	by	Dybdahl	 and	 Lively	 (1995),	we	
can	imagine	the	infectivity	of	combinations	involving	pathogens	from	





















mainly	 due	 to	 reduced	 protein	 dosage.	 Interestingly,	 experimental	
evolution	 allowed	 bacteria	 to	 restore	 fitness,	 through	 accumulation	
of	mutations	in	the	promoter	of	tufB,	leading	to	increased	expression	
of	 the	 ancient	 EF-	Tu	 protein.	 These	 mutations	 may	 constitute	 the	






2.2 | Virulence evolution in resurrected  
host–pathogen interactions
Due	 to	 climate	 change	 and	 other	 types	 of	 anthropogenic	 change,	
ancient	 pathogens	 can	 re-	emerge.	 This	 can	 lead	 to	 spatial	 or	 tem-
poral	mismatches	between	antagonists	(host	and	pathogens),	result-
ing	in	host	shifts,	and	the	rapid	spread	of	disease	across	susceptible	
host	 populations	 not	 historically	 exposed	 to	 particular	 pathogens	
(Penczykowski	 et	al.,	 2016).	 In	 addition,	 it	 can	 lead	 to	 altered	 viru-
lence	effects.	To	estimate	the	effect	of	emerged	pathogens	(from	dif-
ferent	 locations	or	different	time	points)	 in	natural	populations,	 it	 is	
thus	 important	 to	estimate	 their	virulence	upon	 introduction.	There	
are	 three	phases	 in	 the	adaptation	of	a	pathogen	 to	a	new	host:	 (i)	













pathogen	 interactions	 is	 unpredictable	 (Levin	 &	 Svanborg-	Edén,	
1990).	Virulence	in	novel	hosts	does	not	represent	an	equilibrium	for	
pathogen	fitness,	and	it	is	unlikely	to	be	associated	with	high	transmis-

























off	 between	 pathogen-	induced	 host	 mortality	 (i.e.,	 virulence)	 and	
host-	induced	 pathogen	mortality	 (i.e.,	 host	 recovery).	 The	 trade-	off	
model	 is	 versatile	 and	makes	 it	 possible	 to	predict	 changes	 in	opti-
mal	virulence	for	different	conditions.	The	trade-	off	virulence	model	
predicts	that	transmission-	stage	production	and	host	exploitation	are	
balanced,	 such	 that	 the	 pathogen’s	 lifetime	 transmission	 success	 is	
maximized.	Killing	the	host	after	an	intermediate	time	period	results	






damage	 that	 pathogens	 cause	 to	 their	 fitness	 (Ebert	 &	 Bull,	 2008).	
Some	components	may	 impact	both	partners,	while	others	may	not.	
Therefore,	 it	 is	 important	 to	 specify	 the	 bases	 of	 virulence	 when	
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discussing	 host–pathogen	 coevolution	 (Ebert	 &	 Bull,	 2008).	 Masri	




(iii)	 host–pathogen	 coevolution,	where	 both	 the	 host	 and	 pathogen	
coadapted	 to	 their	 continuously	 coevolving	 antagonist,	 (iv)	 patho-
gen	one-	sided	adaptation,	where	the	pathogen	adapted	to	an	ances-








tion	has	been	 technological:	 to	create	attenuated	 live	viruses.	Live	
vaccines	 are	 strains	 of	 a	 formerly	 pathogenic	 organism	 that	 have	
evolved	to	become	avirulent	(Ebert	&	Bull,	2008).	Before	the	advent	
of	 genetic	 engineering,	 the	 standard	method	 for	 developing	 a	 live	
vaccine	was	to	adapt	a	virulent	pathogen	to	grow	in	culture.	As	the	
pathogen	evolved	to	grow	better	in	culture,	it	also	often	evolved	to	
grow	poorly	 in	 the	 normal	 host,	where	 its	virulence	was	 therefore	
reduced	(Ebert,	1998).	This	outcome	is	a	trade-	off	between	the	abil-




allowed	 to	 transmit	between	hosts,	natural	 selection	may	promote	
the	evolution	of	variants	 that	grow	better	 and	 reacquire	high	viru-
lence	(Ebert	&	Bull,	2008).
The	study	of	host–pathogen	interactions	across	spatial	and	tem-
poral	scales	 is	 increasingly	 important	as	there	 is	 increasing	evidence	
that	these	scales	are	changing	due	to	human-	mediated	factors	includ-
ing	 climate	 change,	 habitat	 fragmentation,	 and	 increased	 dispersal	
(Alexander,	 Mauck,	Whitfield,	 Garrett,	 &	Malmstrom,	 2014;	Alitzer,	




susceptible	 host	 populations	 not	 historically	 exposed	 to	 particular	
pathogens	 (Penczykowski	 et	al.,	 2016).	 For	 instance,	 an	 increased	
level	of	eutrophication	(i.e.,	nutrient	“pollution”)	in	time	can	lead	to	in-
creased	pathogen	prevalence	and	virulence,	which	may	promote	evo-
lution	 toward	 elevated	virulence	 (Aalto,	Decaestecker,	 &	 Pulkkinen,	
2015;	 Decaestecker	 et	al.,	 2007;	 Forde,	 Thompson,	 &	 Bohannan,	
2004;	Johnson	et	al.,	2010).	Lake	sediments	serve	as	archives	of	en-
vironmental	 change,	where	 paleolimnological	methods	 can	 be	 used	
to	 reconstruct	 changes	 in	 an	 elemental	 context	 (Bennion,	 Fluin,	 &	
Simpson,	2004;	Battarbee,	Anderson,	Jeppesen,	&	Leavitt,	2005;	see	
Burge	et	al.,	this	 issue).	 It	 is	estimated	that	 if	environmental	nutrient	
enrichment	or	 increased	temperature	is	translated	into	higher	popu-



















an	 (un)intentional	 outbreak	 can	 occur.	 The	 question	 remains:	 How	







insight	 into	 the	mechanisms	 underlying	 host–pathogen	 coevolution	
at	several	spatial	and	temporal	scales	and	possibly	make	predictions.	
Complicating	the	host–pathogen	coevolution	are	defensive	microbes	
that	 protect	 the	 host	 against	 the	 virulence	 of	 the	 pathogen.	 These	












accompanied	 by	 the	 reintroduction	 of	 a	 huge	 load	 of	 carbon	 and	
organic	matter,	this	could	trigger	a	growth	burst	of	bacteria	(Smith	
&	 Bonnaventure,	 2017).	 One	 possible	 hypothesis	 is	 that	 these	
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of	pathogens	to	induce	harm	or	death	in	plants,	animals,	and	even	
humans	(Santana	et	al.,	2016).
To	 limit	 hazardous	 events	 of	 unintentional	 bacteria	 and	 viral	









baits,	which	have	been	 successfully	used	 to	eliminate	 rabies	 from	
several	European	countries,	 (ii)	 reducing	contact	rate	between	hu-
mans	 and	wild	 animals,	 for	 example,	 by	 limiting	 the	proximity	be-
tween	humans	and	wildlife,	(iii)	lowering	the	probability	of	infection,	
when	contact	is	unavoidable	or	unpredictable,	through	vaccination,	





across	 borders	when	 spillover	 does	 occur	 (Johnson,	 de	 Roode,	 &	
Fenton,	2015).
However,	 the	 resurrection	 of	 ancient	 microbes	 does	 not	 nec-
essarily	 have	 to	 have	 a	 negative	 outcome.	 Studies	 on	 resurrected	
microbes	 can	 provide	 key	 insights	 into	 historical	 reconstruction,	





tive	measures	 of	 epidemics.	 Next	 to	 reconstructing	 past	 epidem-
ics,	 it	 could	 also	 contribute	 to	 knowledge	on	Earth’s	past	 climate.	
As	 living	 bacteria	 can	 be	 found	 in	 ice	 cores	 from	 420,000	years	
old	(Christner,	Mosley-	Thompson,	Thompson,	&	Reeve,	2001),	one	
could	 extrapolate	 to	 conditions	 in	 outer	 space	 as	 these	microbes	
seem	to	survive	 for	millennia	 in	 such	extreme	conditions	 (extrem-
ophiles).	Additionally,	 ancient	viruses	 and	 bacteria	 can	 provide	 an	
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